We present a science forecast for the eBOSS survey. Focusing on discrete tracers, we forecast the expected accuracy of the baryonic acoustic oscillation (BAO), the redshift-space distortion (RSD) measurements, the f NL parameter quantifying the primordial non-Gaussianity, the dark energy and modified gravity parameters. We also use the line-of-sight clustering in the Ly-α forest to constrain the total neutrino mass. We find that eBOSS LRGs, ELGs and Clustering Quasars (CQs) can achieve a precision of 1%, 2.2% and 1.6%, respectively, for spherically averaged BAO distance measurements. Using the same samples, the constraint on f σ 8 is expected to be 2.5%, 3.3% and 2.8% respectively. For primordial non-Gaussianity, eBOSS alone can reach an accuracy of σ(f NL ) ∼ 10−15. eBOSS can at most improve the dark energy Figure of Merit (FoM) by a factor of 3 for the Chevallier-Polarski-Linder (CPL) parametrisation, and can well constrain three eigenmodes for the general equation-of-state parameter. eBOSS can also significantly improve constraints on modified gravity parameters by providing the RSD information, which is highly complementary to constraints obtained from weak lensing measurements. A principle component analysis (PCA) shows that eBOSS can measure the eigenmodes of the effective Newton's constant to 2% precision; this is a factor of 10 improvement over that achievable without eBOSS. Finally, we derive the eBOSS constraint (combined with Planck, DES and BOSS) on the total neutrino mass, σ(Σm ν ) = 0.03eV (68% CL), which in principle makes it possible to distinguish between the two scenarios of neutrino mass hierarchies.
INTRODUCTION
The cosmic acceleration discovered at the end of last century is one of the most challenging problems to solve in modern science (Riess et al. 1998; Perlmutter et al. 1999) . Possible solutions include introducing dark energy, a hypothetical new energy component in the Universe with a negative pressure (see Weinberg et al. 2013 for a recent review of dark energy), and modifying general relativity on cosmological scales (see Clifton et al. 2012 for a recent review).
The nature of dark energy and gravity remains unknown, but new observations can provide important information to reveal the underlying fundamental physics. For example, we can infer the nature of dark energy by probing its equation-of-state (EoS) w(z), which is the ratio between its pressure and energy density, and is a function of redshift z in general. In the ΛCDM model, which is regarded as the standard cosmological model, dark energy is assumed to be the vacuum energy with w = −1. Any deviation of w from −1, if revealed by observations, might suggest that the dark energy dynamically evolves with time, which will have a significant impact on many subjects in physics. The behaviour of w affects the expansion history of the Universe, thus it can be probed by distance measurements, such as those obtained by measuring the baryonic acoustic oscillations (BAO) signal imprinted on the galaxy clustering pattern on scales of about 150 Mpc. Modification of gravity (MG), on the other hand, can give rise to an accelerating Universe without dark energy. In this scenario, MG is predicted to alter the structure formation of the Universe. Thus, if one were to measure a scale-dependent growth pattern on sub-Horizons scales, ⋆ Email: gbzhao@nao.cas.cn which is not present in GR, it would be a 'smoking gun' for the discovery of MG. Thus the redshift space distortions (RSD) signal (Kaiser 1987 ) measured by galaxy surveys is a powerful tool to test gravity.
Weighing neutrinos is one of the key science drivers of many high-energy experiments. However, due to the tiny cross-section of neutrinos, it is difficult for these experiments to measure the absolute mass of neutrinos. Instead, only the mass differences between neutrino species have so far been measured through neutrino oscillations. Latest measurements give the squared mass differences ∆m 2 21 = 7.53 ± 0.18 × 10 −5 eV 2 and ∆m 2 32 = 2.44 ± 0.06 × 10 −3 eV 2 for the normal mass hierarchy (NH; m3 ≫ m2 ≃ m1) and ∆m 2 32 = 2.52 ± 0.07 × 10 −3 eV 2 for the inverted mass hierarchy (IH; m3 ≪ m2 ≃ m1) (Olive et al. 2014) , where m1, m2 and m3 denote the mass of three different species of neutrinos. Our Universe is an ideal laboratory to measure the total mass of neutrinos and distinguish between two mass hierarchies because massive neutrinos affect cosmological observables in significant ways. Existing in the form of radiation in the early Universe, neutrinos shift the epoch of the matter-radiation equality thus changing the shape of the cosmic microwave background (CMB) angular power spectrum. At late times, massive neutrinos can damp the formation of cosmic structure on small scales due to the free-streaming effect, thus affecting the cosmic growth factor, which can be probed by redshift surveys (Dolgov 2002; Lesgourgues & Pastor 2006) . Different inflation models predict varying levels of primordial non-Gaussianity (NG), so measuring the NG observationally can test our assumptions of the physical mechanism governing the early Universe. Primordial nonGaussianity can change the clustering pattern of galaxies on large scales of the Universe through an induced largescale bias (Dalal et al. 2008; Desjacques et al. 2009 ). Therefore observing the large scale clustering of galaxies can shed light on the physics in the early Universe.
The Baryon Oscillation Spectroscopic Survey (BOSS) 1 (Dawson et al. 2013) , part of the Sloan Digital Sky Survey III (SDSS-III; Eisenstein et al. 2011) , has observed spectra of more than 1.5 million galaxies brighter than i = 19.9 and approximately 170,000 new quasars of redshift 2.1 ≤ 3.5 to a depth of g < 22 (Paris et al., 2015, in preparation) 2 . The precision of BAO and RSD measurements from Data Release 11 (DR11) of BOSS have been reduced to 1-2% and 6% respectively, and have provided stringent constraints on dark energy, modified gravity, neutrino mass, primordial non-Gaussianity and other cosmological parameters when combined with other observations (Ross et al. 2013; Zhao et al. 2013; Anderson et al. 2014; Samushia et al. 2014; Beutler et al. 2014; Palanque-Delabrouille et al. 2015a,b; Rossi et al. 2015) .
The extended Baryon Oscillation Spectroscopic Survey (eBOSS) is a new redshift survey within SDSS-IV, observations for which started in July 2014
3 . The eBOSS cosmology program uses the same 1000-fiber optical spectrographs installed on the 2.5 m-aperture Sloan Foundation Telescope (Gunn et al. 2006) at the Apache Point Observatory (APO) in New Mexico, used for the Baryon Oscillation Spectroscopic Survey (BOSS) of SDSS-III. The eBOSS program will map the Universe over the redshift range 0.6 < z < 2.2 by observing multiple tracers including luminous red galaxies (LRGs), emission line galaxies (ELGs) and quasars: a sample that combines eBOSS LRGs with the BOSS LRGs at z > 0.6 provides a 1% distance measurement; the ELGs sample offers a 2% estimate at slightly higher redshifts; and the clustering quasars (CQs) produce a 1.6% measurement in 0.9 < z < 2.2 (Dawson et al. 2015) 4 . These distance measurements are expected to improve the dark energy Figure of Merit (FoM; Albrecht et al. 2009 ) by a factor of 3 compared to BOSS results. This paper presents the expected cosmological implications of the eBOSS survey including the BAO and RSD measurements and fNL constraints, and is one of a series of technical papers describing the eBOSS survey. In Section 2, we describe the eBOSS survey in details. We outline the methodology used for the science forecasts for discrete tracers in Section 3. Our forecasts on cosmological parameters also include the expected BAO-scale precision from the 3D Lyman Alpha Forest (Ly-α) clustering. We present the results in Section 4. Section 5 contains conclusions and discussions. 
THE EBOSS SURVEY
The eBOSS survey is described in detail in Dawson et al. (2015) , and we highlight the key facts here. Motivated by the success of BOSS, eBOSS will extend the SDSS BAO measurement to 0.6 < z < 1 using LRGs and ELGs, and make the first BAO measurement at 0.9 < z < 2.2 using quasars.
The selected LRGs will cover the redshift range of 0.6 < z < 1 over 7000 deg 2 with a surface number density of 50 deg −2 . We assume a bias model of b(z)LRG = 1.7G(0)/G(z), where G(z) is the linear growth factor at redshift z. Details of LRGs target selection are presented in Prakash et al. (2015) .
The ELGs survey will start in Fall of 2016. The target selection definitions of the ELGs sample are not yet finalised and thus we explore three possible selection options, each of which will use some subset of the following imaging data: the South Galactic Cap U-band Sky Survey (SCUSS) (Zhou et al. 2015; Zou et al. 2015) 5 , Sloan Digital Sky Survey (SDSS) griz (Fukugita et al. 1996) , Wide-Field Infrared Survey Explorer (WISE) (Wright et al. 2010) , or grz imaging with the Dark Energy Survey camera (DECam) (Flaugher et al. 2015) 6 . The proposed selections are:
5 For more information about the SCUSS survey, see http://batc.bao.ac.cn/Uband/ 6 Another option is mentioned in the eBOSS overview paper (Dawson et al. 2015) , which only uses the gri and U ri bands of the SDSS and SCUSS imaging for target selection. We are not including it here because it produces tracers at low efficiency (only 52.5%).
• Fisher Discriminant: The targets are selected using the WISE, SDSS and SCUSS photometry with a cut on the Fisher discriminant quantities instead of cuts in the colourcolour diagrams (Raichoor et al. 2015) . The initial tests of this scheme demonstrate its validity: it approaches the requirement that 74% of targets turn out to be ELGs in the redshift range 0.6 < z < 1.0 (henceforth referred to as the "74% putiry requirement"). We assume a completeness of 95% over 1500 deg 2 ; • Low Density DECam: The targets are selected from DECam grz photometry. The deeper photometry means this selection exceeds the 74% purity requirement for 0.7 < z < 1.1. The expected target density is ∼ 190 deg −2 . The survey area is assumed to be 1400 deg −2 ; • High Density DECam: The targets are selected in a similar way to the 'Low Density' case but the colour cuts are tuned to achieve a target density of ∼ 240 deg −2 over 1100 deg −2 (Dawson et al. 2015) .
We assume a bias of b(z)ELG = 1.0G(0)/G(z) for the ELGs (Dawson et al. 2015) .
The clustering quasars will be targeted using the XDQSOz algorithm (Bovy et al. 2012) , which was used for the quasar sample of BOSS, applied on the QSO_CORE sample in eBOSS. The expected number density to obtain 2% prevision on the BAO measurement over the redshift range 0.9 < z < 2.2 is 58 deg −2 over an area of 7500 deg 2 . This number is quoted as the base requirement for the CQs in Dawson et al. (2015) and Myers et al. (2015) . In reality, the eBOSS selection approach detailed in Myers et al. (2015) exceeds this metric, successfully targeting closer to 70 deg 2 0.9 < z < 2.2 quasars over 7500 deg 2 . In the rest of this paper (i.e., see Table 1 ), we adopt the redshift distribution corresponding to this expected quasar density of 70 deg 2 0.9 < z < 2.2 from Myers et al. (2015) . This selection contains a useful tail of an additional ∼ 8 deg −2 quasars in the redshift range 0.6 < z < 0.9, which we include in our forecasts throughout the rest of this paper. Note that in Myers et al. (2015) the CQs are referred to as the QSO_CORE sample.
We assume the bias of the clustering quasars to be b(z)CQ = 0.53 + 0.29(1 + z) 2 (Croom et al. 2005; Ross et al. 2009) . Table 2 summarises the targets used in this work, including the number and volume number density of each type of targets in each redshift slice, the effective redshift, the total number of targets, the surface area and the bias. We follow Dawson et al. (2015) and take a conservative sky area for the LRGs to be 7000 deg 2 instead of 7500 deg 2 . Different tracers overlap maximally in the survey area. Fig  1 shows the redshift distribution we adopt for the tracers, where the overlap in redshifts is apparent. The time evolution of the biases is also shown.
METHODOLOGY
In this section, we present the methodology for the science forecast, which is based on the Fisher matrix technique ). The formalism is presented in sections 3.1 -3.5, and the parametrisation and fiducial cosmology is shown in Sec. 3.6. We allow for the multi-tracer nature of eBOSS, including the cross-correlation when using the power spectra of different kinds of targets in overlapping regions of sky and in redshift. 
The Fisher matrix for P (k) of redshift surveys
Using the 3D galaxy power spectrum in redshift space measured from eBOSS, the Fisher matrix element for a pair of arbitrary parameters {pi, pj} is given by (Tegmark 1997 
where Vsur is the volume of the redshift survey, k denotes the amplitude of mode k, µ is the cosine of the angle between mode k and the line of sight, and D(z) is the growth function at redshift z. C is the data matrix storing the observed galaxy power spectra P in redshift space 8 , and C,i is the derivative matrix with respect to parameter pi, As eBOSS target classes overlap, we shall explicitly show the Fisher matrix for the single-and multi-tracer cases in what follows.
7 Note that this is the Fisher matrix using galaxies distributed in a given redshift slice. The final Fisher matrix is the sum over the Fisher matrices of individual redshift bins. 8 We include the damping term in the power spectra to account for the Fingers-of-God (FoG) effect and for the redshift errors. Table 2 . Expected number of each target class in each redshift bin, and the volume density in units 10 −4 h 3 Mpc −3 shown in parentheses.
The effective redshift z eff , total number of sources, observed surface area and galaxy bias of each target is shown in the last four rows.
The single-tracer case
If there is only one tracer being surveyed, which is the case for most of the sky covered by eBOSS,
where n, b, f , Pm denotes the number density, bias, logarithmic growth rate and the matter power spectrum, respectively. In this case, Eq (3) reduces to,
where P, V eff denote the power spectrum in redshift space and the effective volume respectively.
The double-tracer case
If two tracers with different biases (denoted by A and B) are used to probe the same patch of the sky in the same redshift range, e.g., the eBOSS LRGs and ELGs, we need to include the cross-correlation, denoted by X, between them. In this case, C becomes a 2 × 2 matrix, namely,
The Fisher matrix can be calculated by substituting C into Eq (3), and we include an explicit calculation for the 2-tracer case in the Appendix.
Compared to the single-tracer case, the auto-and cross-power spectra of multiple tracers provide measurements of ratios of f /b that couple radial and angular modes, beating radial sample variance in the low-noise limit (McDonald & Seljak 2009 ).
To illustrate the improvement of having multiple tracers, we show an example of the f σ8 constraint using eBOSS LRGs and all the eBOSS tracers. We start by constraining f σ8 using the eBOSS LRGs, and will show the improvement of the constraint when the ELGs and CQs are added to the analysis, with the cross-correlation included. The result is shown in Fig 2, in which the ratio of the error on f σ8 using multiple tracers to that using the eBOSS LRGs alone is plotted as a function of redshift.
As shown, the f σ8 constraint will be improved when a full cross-correlation analysis among the ELGs, CQs and LRGs is possible in 2020. The improvement is maximal in the redshift bin of 0.9 < z < 1.0, reducing the f σ8 uncertainty from 13.7% to 5.4%.
Note that this improvement is mainly due to the fact that more galaxies are available in the full cross-correlation
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analysis. Although the gain from the reduction of sample variance is sub-dominant for the case of eBOSS due to the level of shot noise, we show there will be a clear benefit from combining all of the available samples and their crosscorrelations. Further, we expect that using multiple tracers in the overlapping volume will be helpful to diagnose and reduce both observational and theoretical systematic uncertainties.
The Fisher matrix for the BAO of redshift surveys
To forecast the sensitivity of the BAO distance along and perpendicular to the line of sight for eBOSS, we follow Seo & Eisenstein (2007) . The two BAO parameters are,
Note that
if the sound horizon s can be determined by external data such as the CMB, which can be achieved for eBOSS using Planck measurements (e.g. Planck Collaboration et al. 2015a).
The Fisher matrix for the RSD of redshift surveys
We follow White et al. (2009) to perform forecasts for the RSD parameters. The observable used is the full galaxy power spectrum in redshift space. To be consistent with the notation of White et al. (2009) , we rewrite Eq (4) as,
i.e., for each redshift slice, we attach σ8(z) to b(z) and f (z) and use the products as parameters. Explicitly, the free parameters are, Table 4 . The predicted 68% CL error of the BAO distances and RSD parameters using various tracers in different redshift slices. In the last row for each tracer, we show the forecast using the total of all targets distributed across all redshift slices. We also show the effective redshift in parentheses.
The derivatives of P with respect to these parameters are 9 ,
9 We drop the dependence on z for brevity.
Note that, in the N -tracer case, p1 needs to be extended into a set, namely,
Sample redshift range σ f σ 8 /f σ 8 0.6 < z < 0.7 0.039 0.7 < z < 0.8 0.039 0.8 < z < 0.9 0.043 0.9 < z < 1.0 0.061 1.0 < z < 1.1 0.088 1.1 < z < 1.2 0.094 Combined I 1.2 < z < 1.4 0.067 1.4 < z < 1.6 0.068 1.6 < z < 1.8 0.072 1.8 < z < 2.0 0.078 2.0 < z < 2.1 0.121 2.1 < z < 2.2 0.153 0.6 < z < 0.7 0.041 0.7 < z < 0.8 0.040 0.8 < z < 0.9 0.041 0.9 < z < 1.0 0.054
0.068 1.6 < z < 1.8 0.072
0.153
0.043 0.9 < z < 1.0 0.054
0.068 1.6 < z < 1.8 0.072 1.8 < z < 2.0 0.078 2.0 < z < 2.1 0.121 2.1 < z < 2.2 0.153 Table 5 . Predictions for the precision of f σ 8 measurements obtained using the multi-tracer technique, using three different eBOSS data combinations: I. LRGs+Fisher ELG+clustering quasar; II. LRGs+Low density ELG+clustering quasar; III. LRGs+High density ELG+clustering quasar.
The Fisher matrix for the primordial non-Gaussianity
In the context of the local ansatz for non-Gaussianity, where the Bardeen potential Φ contains a term that is quadratic in a Gaussian field φ, i.e., Φ = φ + fNL(φ 2 − φ 2 ), a scaledependent non-Gaussian bias ∆b(k) is induced (Dalal et al. 2008; Desjacques et al. 2009 ),
where p depends on the type of tracer (Slosar et al. 2008) , δc is the critical linear over-density for the collapse, and T (k) is the matter transfer function (normalised to unity on large scales). The non-Gaussian bias is sensitive to any coupling between modes of very different scales, which could come from bispectra or higher order correlations in models other than the local ansatz. In that sense, the halo bias is an important probe of non-Gaussianity beyond the local ansatz. To constrain non-Gaussian models more generally, the nonGaussian bias can be parametrised by,
By allowing values of α different from 2, this form tests the scaling of the squeezed limit of the bispectrum. The coefficient ANL may depend on the mass of the object (through the Gaussian bias) depending on the details of the bispectrum (Agarwal et al. 2014) .
Applying the general Fisher matrix formalism presented in Sec. 3.1 to the forecast for fNL, we simply use Eq. (1) but replace b with b + ∆b(k). In our analysis we set p = 1 for the LRGs and ELGs and p = 1.6 for the clustering quasars (Slosar et al. 2008) . We report constraints for the standard local ansatz using δc = 1.686. We also forecast constraints on α and ANL, expanding around their fiducial values.
Note that the multi-tracer method can provide large improvements on fNL constraints (Seljak 2009; McDonald & Seljak 2009 ), as it measures bias ratios well, and these depend on fNL. Figure 5 . The predicted constraint on f σ 8 as a function of redshift using combinations of three eBOSS tracers. All models have the same background expansion, giving the same comoving BAO position. The black curve shows the growth in a ΛCDM Universe, assuming the Planck best fit model parameters. The red curve shows the nDGP model (Dvali et al. 2000) with Ωr c = 0.17, which corresponds to rcH 0 = 1.2, and σ 8 = 0.90.
The magenta and blue curves shows two phenomenological modified gravity models with γ = 0.5 and γ = 0.6 respectively where Linder 2005) .
ical information to galaxy redshift surveys. When eBOSS completes its mission in 2020, the full Dark Energy Survey (DES) dataset will be available, in addition to the full Planck data (Planck Collaboration et al. 2015b ). Therefore it makes sense to combine the predicted DES, Planck and eBOSS datasets for cosmological forecasts. In this subsection, we briefly describe the formalism, survey specifications and assumptions used to forecast for DES and Planck constraints. We assume that the data product of WL experiments are the 2-point angular power spectra C ℓ , as is the case for the Planck survey. Then the Fisher matrix for parameters {pi, pj} is ,
whereC ℓ is the observed data covariance matrix with elementsC XY ℓ including noise:
The quantity f sky is the fraction of sky being surveyed, and the minimum and maximum multipole ℓmin and ℓmax is set to be,
where χ is the comoving distance from z = 0 to the redshift slice in which the power spectra are measured, and we set kcut = 0.1 Mpc −1 h to avoid using observables in the nonlinear regime.
DES should ultimately comprise 5000 deg 2 of multiband, optical imaging probing the redshift range 0.1 < z < 1.3 with a median redshift of z0 = 0.7 and an approximate 1-σ error of 0.05 in photometric redshift, i.e., f sky = 0.13 and σ(z) = 0.05(1 + z). We take the total galaxy number density distribution to be (Hu & Scranton 2004) ,
To resolve the radial mode, we subdivde the galaxies into multiple redshift slices and each slice is modelled as,
where erfc is the complementary error function. We use the WL shear power spectra of DES, and subdivide the total galaxies into four redshift slices. We model the noise power spectra to be
where γrms is the root mean square shear from the intrinsic ellipticity of the galaxies, and nj is the total number in the jth redshift slice. We assume a projected angular density of galaxies NG = 10 gal/arcmin 2 , and γrms = 0.18 + 0.042 z for DES. Cosmological forecasts using this specification of DES include Pogosian et al. (2005) ; Zhao et al. (2009a,b) .
We choose the sensitivity of the Planck satellite for the CMB forecast and use the temperature and polarisation angular power spectra. The noise power spectra for the CMB are (Pogosian et al. 2005) ,
where T and P denote the 'Temperature' and 'Polarisation' respectively, and θFWHM,c is the Full width at half maximum (FWHM) of the angular resolution for a given frequency channel c. The combined noise from all channels is then,
Parametrisations
The general parametrisation we use is presented in Table 3 , where we list the collection of all the parameters with their physical meaning, and the fiducial value used in the forecast. Note that, however, different subsets of this collection are used in different cases, as detailed in the rest of this subsection.
The Parametrisation for the BAO forecast
As described in Sec. 3.2 and listed as PI of Table 3 , the free parameters for the BAO forecast are ln(DA/s)(zi) and ln(sH)(zi) in the redshift slice zi. Thus for N zbin slices, the total number of BAO parameters are 2N zbin .
The Parametrisation for the RSD forecast
We follow the parametrisation used in White et al. (2009) , namely, for each redshift slice zi, the free parameters for the RSD forecast are ln[f σ8(zi)] and ln[bσ8(zi)]. Thus there are 2N zbin RSD parameters for N zbin slices in total. The RSD parameters are listed as PII of Table 3 and described in Sec. 3.3.
The Parametrisation for the non-Gaussianity forecast
As described in Sec. 3.4, the free parameters for the nonGaussianity forecast for the local model are fNL and b(zi, Tj ) where the indices i, j are for the redshift slices and the type of tracer, respectively. So for a redshift survey with NT tracers and N zbin redshift slices, the total number of parameters is NT ×N zbin +1. We will also consider whether this data can constrain departures from the local ansatz, in which case we have an additional parameter, α.
The Parametrisation for the baseline cosmology
We use the six-parameter ΛCDM model, also dubbed the 'vanilla' model, as the baseline cosmology model. The parameters of this model are listed as PIII of Table 3 .
The Parametrisation for the dark energy forecast
To forecast for the equation-of-state of dark energy, we adopt two different sets of parametrisations, (I) The Chevallier-Polarski-Linder (CPL) parametrisation (Chevallier & Polarski 2001; Linder 2003) :
The free parameters are w0, wa with the vanilla parameters PIII; (II) Binned w: we discretise w(z) into M + 1 piece-wise constant bins in z allowing the value of w in each bin to be an independent parameter. Since eBOSS will not be able to probe z > 3, we use M bins linearly seperated in z for 0 ≤ z ≤ 3 and a single bin for z > 3. This allows a principle component analysis (PCA) to be undertaken in Sec. 4.3.1. We take M = 20 and vary these parameters together with the baseline parameters.
The Parametrisation for the modified gravity forecast
We follow Zhao et al. (2009b) to take the most general parametrisation for modified gravity. Working in the Newtonian gauge, the perturbed Friedmann-Robertson-Walker metric to the first order is,
where η is the conformal time and a(η) the scale factor. In Fourier space, we write (Hu & Sawicki 2007; Bertschinger & Zukin 2008) ,
where ∆ is the comoving matter density perturbation. The functions µ and η parametrise the MG effect: the function η describes anisotropic stresses, while µ quantifies a timeand scale-dependent rescaling of Newton's constant G. In ΛCDM, µ = η = 1 since the anisotropic stress due to radiation is negligible in late times. Similar to binning w(z), we treat µ(k, z) and η(k, z) as unknown functions and forecast how well we can constrain the eigenmodes of them using PCA. Since they are 2-variable functions in both k and a, we have to bin them in the (k, z) plane. We use the same M + 1 z-bins as w (see Sec. 3.6.5) and N k-bins (0 ≤ z ≤ 30, 10 −5 ≤ k ≤ 0.2 h Mpc −1 ), with each of the (M + 1) × N pixels having independent values of µij and ηij . We consider w(z) as another unknown function with independent values in each of the M + 1 z-bins. We choose M = N = 20 and have checked that this binning is fine enough to ensure the convergence of the results. We use logarithmic k-bins on superhorizon scales and linear k-bins on sub-horizon scales, to optimise computational efficiency. As in Zhao et al. (2009a) , we only consider information from scales well-described by linear perturbation theory, which is only a fraction of the (k, z)-volume probed by future surveys. Since the evolution equations contain time-derivatives of µ(k, z), η(k, z) and w(z), we follow Crittenden et al. (2009) and Zhao et al. (2009b) and use hyperbolic tangent functions to represent steps in these functions in the z-direction, while steps in the k-direction are left as step functions.
Similar to the PCA of w(z), the pixilisation of µ(k, z) and η(k, z) is for the later 2-D PCA, as detailed in Zhao et al. (2009b) ; Asaba et al. (2013) ; Hall et al. (2013) ; Zhao et al. (2015b) .
The Parametrisation for the neutrino mass forecast
To forecast for the neutrino mass constraint, we vary the sum of neutrino masses with the vanilla cosmological model parameters, i.e., mν and the PIII parameters in Table 3 , and take mν = 0.06 eV as the fiducial model.
RESULTS
In this section, we shall first present the expected precision of BAO and RSD measurements, and then the constraint on general cosmological parameters, including the non-Gaussianity, dark energy and modified gravity parameters and the neutrino mass.
The BAO and RSD forecast
The primary BAO and RSD forecasts are shown in Tables  4 and 5 and in Figs 3 and 4. Table 4 lists the predicted 68% CL fractional uncertainty on the BAO and RSD parameters, including the angular diameter distance DA(z), the Hubble parameter H(z), the combined distance
and b(z)σ8(z) using various tracers in multiple redshift slices. For each tracer, we also list the forecast result at the effective redshift (in bold), and we find that eBOSS LRGs (0.6 < z < 1.0, combined with the BOSS LRGs at z > 0.6), ELGs (0.6 < z < 1.2) and CQs (0.6 < z < 2.2) can achieve the 1.0%, 2.3% and 1.6% precision respectively for the DV measurement. Using Figure 6 . Current constraints on the DETF model for time-varying dark energy compared to projected constraints from eBOSS. We report constraints from the BAO probes, Planck, and H 0 from HST observations of SNe Ia. For all measurements, the filled ellipse represents the 68% confidence interval and the open ellipse represents the 95% confidence interval.
the same samples, the constraint on f σ8 is expected to be 2.5%, 3.4% and 2.8% respectively. Fig 3 shows the forecasted BAO distance using eBOSS LRGs, in comparison with the BOSS measurement. The solid curves show the ΛCDM prediction, and the upper and lower limits of the bands correspond to the CPL model with w0 = −1.5, wa = 1.0 and w0 = −0.5, wa = −1, respectively. As shown, the eBOSS LRGs sample effectively extends the redshift range of BOSS to higher redshifts with a comparable precision on the distance measurement, namely, 1% sensitivity on DV over 0.6 < z < 1.0. Table 5 shows the constraint on f σ8 using the three different combined eBOSS samples, depending on the ELGs target selection option, namely, Combined I: LRGs+Fisher ELGs+CQs; Combined II: LRGs+low density ELGs+CQs; Combined III: LRGs+high density ELGs+CQs. The crosscorrelation of the power spectra are included in the overlapping region of different tracers. Fig 4 shows the fractional constraint on DA, H and f σ8 for individual tracers and for the three combined samples. From this figure, we can tell that,
• The CMASS LRGs sample at z > 0.6 is very helpful for both distance and RSD measurements at 0.6 < z < 0.7, e.g., it improves the eBOSS LRGs constraint on DA from 3.4% to 2.6%, and improves the f σ8 constraint from 5.3% to 4.3%; • The constraints from the ELGs samples are generally weaker than those using the LRGs samples, namely, the uncertainty is roughly larger by a factor of 2, and 1.4 for the distance and RSD measurement respectively; • We find that the three different ELGs target selection options yield similar results, especially when combined with LRGs and CQ. The high density selection option has the highest z eff , being 0.863. Thus in the following cosmological forecasts, we choose to use this option for the ELGs to form a combined eBOSS sample, dubbed 'Combined III';
• For the distance measurement using the combined eBOSS sample (Combined III), we expect to have 1%, 2% and 1.6% sensitivity on DV at the effective redshifts of 0.71, 0.86 and 1.37 using the LRGs, ELGs and CQs samples respectively;
• For the f σ8 measurement, the LRGs, ELGs and CQs provide a 2.5%, 3.4% and 2.8% precision at the effective redshifts of 0.71, 0.86 and 1.37 respectively. Considering narrow slices, the combined sample will allow between 4% and 15% precision to be obtained in redshift slices that are between 0.1 and 0.2 thick (See Table 5 for details).
Fig 5 shows the predicted f σ8 measurement errors using the combined eBOSS samples, together with the theoretical predictions for the ΛCDM, nDGP with rcH0 = 1.2, and two phenomenological MG models parametrised by the growth index γ, i.e., f (z) = Ω(z) γ (Linder 2005 ). The models with γ = 0.5 and γ = 0.6 are shown. As shown, eBOSS alone can distinguish the γ = 0.5 and γ = 0.6 models from the ΛCDM model, and can rule out the nDGP model at a significance of 4.8 σ.
Primordial non-Gaussianity
The forecast result for fNL (the local ansatz) is given in Table 6 , where we show the 68% CL predicted error on fNL using different tracers individually and three combinations of eBOSS data, depending on the target selection plan for the ELG. As shown, σ(fNL) ∼ 15 (bias float); σ(fNL) ∼ 10.5 (bias fixed)
In addition, we consider the more general parametrisation given in Eq. (16) . Since the data is insufficient to constrain the scale dependence of the non-Gaussian bias as a free parameter, we choose fiducial values for α and report constraints on the amplitude and scale dependence. For example, choosing ANL = 5 at a pivot scale of k = 0.1 Mpc −1 (and fixing the Gaussian bias of all tracers), the Combined I dataset yields σ(ANL) = 18 and σ(α) = 2.6 at 65% C.L.. This result is not very constraining, but it will be interesting to combine the eventual eBOSS LRGs sample with the . Upper: The forecasted 68% CL measurement error on α i , the coefficient of the ith principal components of w(z) + 1, namely, w(z) + 1 = i α i e i (z), using different data combinations illustrated in the legend. A weak prior of σ(w(z)) < 1 was assumed. Lower: The best determined eigenvectors (with errors less than 0.5) of w(z) for different data combinations shown in the legends. The modes are shown, in the order from better constrained to worse, as black solid, red dashed, blue dash-dot, purple dashdot-dot and brown short dash-dot curves. The short dashed green horizon line shows e i (z) = 0.
full BOSS sample (see the results in Agarwal et al. 2014 ) to obtain a tighter constraint.
Other cosmological parameters
In this subsection, we make predictions of how sensitive the full eBOSS galaxy power spectrum will be to cosmological parameters, when combined with external datasets including CMB and weak lensing. We form an eBOSS dataset by combining the LRGs (with the BOSS LRGs at z > 0.6), high-density ELGs, clustering quasars with all the crosscorrelations included. We also include BAO measurements at z ∼ 2.4 using Ly-α forest from BOSS (Busca et al. 2013 ; Table 6 . Forecasted results of f NL using different tracers individually and three combinations of eBOSS data, depending on the target selection plan for the ELG. The results with and without marginalisation over the bias factor are shown. -Ribera et al. 2014; Delubac et al. 2015) and eBOSS (Dawson et al. 2015) , at 2% and 1.2% precision respectively 10 . We refer to this combined data as 'eBOSS' in the following forecasts, unless specifically mentioned otherwise. We use MGCAMB (Zhao et al. 2009a; Hojjati et al. 2011) 11 , which is a modified version of CAMB (Lewis et al. 2000) to calculate the observables and use CosmoFish 12 for the Fisher matrix calculation. We include the dark energy perturbation following the prescription in Zhao et al. (2005) .
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Dark energy EoS
The result for the CPL parametrisation is presented in Fig  6, where the 68 and 95% CL contour plots of {w0, wa} are shown. The grey and blue contours illustrate the result for BOSS and BOSS+eBOSS respectively 13 combined with the full Planck data and the H0 measurement, and the left and right panels show the prediction without and with the Lyman-α forest data combined. As shown in the legend, the Figure of Merit (FoM), which is inversely proportional to the area of the contours, can be improved by a factor of 3.0 (2.2) when the eBOSS data is combined with (without) the Lyman-α forest. The Lyman-α forest, which provides BAO measurement at high redshift, is highly complementary to the BAO measurement using BOSS/eBOSS galaxies at lower-redshifts since the former can help to break the degeneracy between dark energy parameters and ΩM , and the latter provides more direct constraint since dark energy dominates at low redshifts, i.e., z 1.
The factor-of-3 improvement on the FoM motivated us to explore more details of w(z) using eBOSS by going beyond the CPL parametrisation. As described in (II) of Sec. 3.6.5, we forecast the binned w(z), obtained the Fisher matrix 10 There are other possibilities to measure the BAO signal using the triply ionized carbon (C IV) as a tracer in the eBOSS survey, as discussed in Pieri (2014) . 11 Available at http://icosmology.info/MGCAMB.html 12 For more information about the CosmoFish package, check http://icosmology.info/cosmofish.html 13 When combining BOSS with eBOSS galaxies, we take BOSS galaxies in the redshift range of z < 0.6 to avoid double counting. of the w bins Fw with all other cosmological parameters marginalised over, and perform a PCA on Fw to determine the eigenmodes that can be well constrained, i.e.,
where the ith rows of the decomposition matrix W, ei(z) is the ith eigenvector of w(z) and the (i, i) element of the diagonal matrix Λ stores the corresponding eigenvalue, λi. This enables an orthonormal decomposition of arbitrary w(z), i.e.,
We refer the readers to Huterer & Starkman (2003) ; Crittenden et al. (2009 Crittenden et al. ( , 2012 for more details of PCA for w(z). Fig 7 shows the PCA result using Planck, Planck+DES, Planck+DES+eBOSS data respectively. As shown, the uncertainty of the best constrained eigenmode using eBOSS data (combined with Planck and DES) is ∼ 0.05, and there are three modes which can be measured with uncertainty below 0.5.
Modified gravity
As described in Sec. 3.6.6, we bin the functions µ(k, z) and η(k, z), and obtain a Fisher matrix for all the bins with all other cosmological parameters marginalised over. Then as for the PCA procedure used for w(z), we perform a PCA on the µ and η functions (we marginalise over all the η bins when performing the PCA on µ and vice versa).
It is clear from Eq (26) that µ determines the growth of structure via the modified Poisson equation, so it can be constrained by redshift surveys like eBOSS. On the other hand, η affects the lensing potential thus it could be probed by the CMB and WL surveys instead. Since the purpose of this paper is to highlight the cosmological potential of eBOSS, we show the PCA result of µ only in Fig 8. eBOSS significantly augments the Planck+DES constraint on the µ modes. The uncertainty on the best-constrained mode is reduced by a factor of 10, and eBOSS helps to constrain 5 modes to a precision better than 10%. Figure 9 . The neutrino mass constraint. The purple shaded region is excluded by the current observations, and the grey shaded band is the expected 68% CL uncertainty using the full eBOSS survey combined with BOSS, DES and Planck. The black and red curves illustrate the theoretical prediction for the normal and inverted neutrino mass hierarchies.
Neutrino Mass
The total neutrino mass as a function of the mass of the lightest species is plotted in Fig 9 to illustrate the normal and inverted mass hierarchy, which are degenerate at the high mass end but in principle distinguishable at the lowmass end by cosmological probes. BOSS, combined with other current surveys, has put an upper limit on the neutrino mass of mν < 0.12 eV (95% CL) (Palanque-Delabrouille et al. 2015a,b) , which is shown by the purple shaded region in Fig 9 . This is not enough to distinguish between NH and IH. Assuming the fiducial value of the total neutrino mass to be 0.06 eV and using eBOSS combined with BOSS, DES and Planck, we predict the error on the neutrino mass to be
This is sufficient to break the degeneracy between the NH and IH scenarios, as shown in Fig 9, e.g., a measurement of σ (Σmν ) < 0.06 ± 0.03 would rule out the IH at 1σ level.
CONCLUSIONS AND DISCUSSIONS
As the successor of the BOSS survey, the eBOSS survey of the SDSS-IV project is the largest current spectroscopic survey in the world. eBOSS will map the Universe in the redshift range 0.6 < z < 2.2 using multiple tracers and thereby improve our knowledge of the nature of dark energy, test models of gravity, constrain the initial conditions of the Universe, and measure the sum of the mass of neutrinos. In this work, we have investigated the ability of the eBOSS survey to make BAO distance and RSD growth-rate measurements, and explored the potential of eBOSS for the studies of dark energy, modified gravity, the primordial nonGaussianity, and the neutrino mass.
We find that eBOSS will provide strong BAO and RSD measurements in the redshift range of 0.6 < z < 2.2 using tracers of the LRGs, ELGs and CQs, namely, the eBOSS LRGs (combined with the BOSS LRGs at z > 0.6), ELGs and CQs will reach 1%, 2% and 1.6% sensitivity on the BAO distance DV measurement at effective redshifts of 0.71, 0.86 and 1.37 respectively. The RSD effect quantified by f σ8, will be measured at a sensitivity of 2.5%, 3.4% and 2.8% by these tracers at the same effective redshifts respectively. The recent work of Zhu et al. (2015) provides a promising approach to optimise distance-redshift measurements in the BAO. Introducing a small number of redshift weights are demonstrated on a toy model to preserve nearly all of the BAO information at different redshifts. Such an optimisation will be particularly effective for surveys like eBOSS which spans a wide range of redshift. A similar z-weighting technique is also likely to be efficient in improving growth rate measurements from the RSD signal (Zhao et al. 2015a; Ruggeri et al. 2015) .
The exquisite BAO and RSD measurements that eBOSS will provide are key for dark energy and gravity studies. Choosing a CPL parametrisation for the equationof-state of dark energy, eBOSS can improve the FoM of dark energy by a factor of 3, with respect to the current BOSS measurement. A more general PCA study of w(z) reveals that eBOSS, combined with DES and Planck, will be able to measure 3 eigenmodes of w(z) with 5% precision. For modified gravity, a general PCA study finds that eBOSS can significantly improve the constraint on the eigenmodes of µ, the effective Newton's constant, enhancing the DES + Planck constraint. Specifically, eBOSS can improve the constraint on the best-determined mode by a factor of 10, and make it possible to measure 5 modes better than the 10% accuracy.
We find that eBOSS alone can determine fNL, the parameter quantifying primordial non-Gaussianity, to a precision of σ(fNL) = 10 in the optimistic case in which the bias can be well determined separately. When combined with DES and Planck, eBOSS can weigh neutrinos to a precision of σ( mν) = 0.03 eV, which makes it possible to determine the neutrino mass hierarchy.
APPENDIX A: THE EXPLICIT FISHER MATRIX FOR THE DOUBLE-TRACER CASE
The Fisher matrix for a given k mode, Fij (k, µ) in Eq (3), can be calculated explicitly as,
where the Fisher matrices for tracers A, B and their crosscorrelation X are,
The derivative for the parameter pi for tracer T is defined as
where T = {A, B, X}. The power spectra and the effective volumes are, This is simply the result for two independent tracers.
• The split-tracer limit: PA = PB = PX, nA = nB → nA/2. This basically splits the same kind of tracer, say, tracer A, into two identical parts, so that the power spectra perfectly correlate with each other, and each subsample has one half of the total number of galaxies. In this case, all terms survive, and after some calculation, the final result turns out to be the same as the single tracer case, i.e., Eq (A5). This makes sense intuitively because two halves make one. A generalisation also holds, say, if the same sample is arbitrarily split into two subsamples, the total Fisher matrix (with all the cross-correlation terms included) is the same as the original one without splitting.
